INTRODUCTION
The inspection of a foundation's geometry offers potentially useful information about the structure's safety, in particular where the structure may have suffered damage by destructive factors, including earthquakes, rock-falls, and soil deformation. In addition, the design plans of old structures may not always be available, and so undocumented information regarding the foundation's length, geometry, and structure sustainability might be questionable. In such cases it would be necessary to implement an effective method to inspect the geometry of existing foundations.
Extensive ultrasonic experiments provide measurements that often can be used in a wide range of disciplines, such as in digital rock physics (Madonna et al., 2012) , inspection of production wells (Brondel et al., 1994) , testing of military and industrial equipment (Graff, 1981) , and medical applications (Meyers et al., 1960; Fry et al., 1962) . Various ultrasonic techniques have been developed during the past few years, and recently have become important for civil engineering problems in which the conditions of reinforced concrete structures are evaluated. Such applications include flow detection (Bohs and Trahey, 1991) , internal mapping of objects (Schickert, 2005) , and evaluation of the substantial length of concrete shafts after disastrous earthquakes (Richard et al., 1998) .
Many field experiments have been carried out to investigate the capabilities of different ultrasonic methods for determining the length of intact or defective piles. Finno and Gassman (1998) used the Impulse Response (IR) method to evaluate the drilled shafts. They demonstrated that the accuracy of this method is affected by a number of factors, including the length-to-depth ratio of the shaft, the ratio of the shear wave velocity of the surrounding soil to the propagation velocity in the concrete, and soil stratigraphy. Lin et al. (1997) conducted finite element studies to demonstrate the reflection response of embedded defects by the Impact Echo (IE) method. They have highlighted the potential of the IE method for determining certain conditions of concrete shafts that contain cracks, voids, and layers of low-quality concrete. Lo et al. (2009) have described the experimental procedure for determining unknown foundation depth using the Parallel Seismic (PS) method. The PS method has proven effective in providing nondestructive and cost-effective details about the geometry and the depth of the piles Ni et al., 2011) . Olson (2003) demonstrated that the Parallel Seismic, Ultraseismic (US) methods were the most accurate and broadly applicable borehole-and-surface methods for determining unknown bridge foundation depths. This paper presents an experimental study for exploring the capability of the Parallel Seismic, Ultraseismic, and Impulse Response methods for verifying the internal defects and the substantial lengths of concrete foundations.
METHOD
The basic principles of the three techniques are described. The methods include Parallel Seismic, Ultraseismic, and Impulse Response.
The Parallel Seismic method
The Parallel Seismic (PS) technique is a borehole-seismic method that is used to investigate unknown foundation depths. The National Construction Industry Research Centre (CEBTP) of France pioneered this technique in the mid-1970s (Lo et al., 2009) . The test procedure is described in detail by many authors (i.e., Olson (2003) ; Olson et al., 1996) . The test
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requirements of the PS method involved the construction of a 2.32-in cased borehole (i.e., designed according to ASTM standard D 4428/D 4428M) placed next to the foundation (see Figure 1 and 3). The borehole was then filled with water in order for the emitted waves to be detected using a hydrophone (or, if the borehole remains empty, a 3C geophone is used).
The borehole depth must exceed the expected foundation depth by approximately 3-5 m. An external force is applied on the top or any accessible part of the foundation using an instrumented hammer to generate the stress waves that propagate down the foundation and are received by a hydrophone placed in the borehole. The hydrophone is deployed sequentially along the borehole at regular spatial intervals to measure the data at various depths. The source (i.e., impact hammer) is repeated at each measurement point and the results stacked to improve the S/N ratio. The acquired data are combined to form a plot of signal travel time as function of depth (Figure 1 ). The slowness of direct arrival Pwaves can be divided into two straight lines: the foundation velocity line that has fast P-wave arrivals, and the soil velocity line that has slower P-wave arrivals, which are associated with the large contribution by soil material. Usually on the travel time plot there is an intersection point of these two lines, which indicates the approximate foundation depth (Liao et al., 2006) . 
The Ultraseismic method
The Ultraseismic (US) method requires an exposed foundation surface (i.e., 5-6 feet) to generate and acquire the data. The impulse hammer and a 3C accelerometer are used to perform the test. The receiver is placed on any side of the foundation to acquire the data. The location of impact hammer is fixed on the top of the column, as shown in Figure 2 , and the test is repeated with multiple receiver position along the column's vertical profile. The data are then used to build the time-depth profile as described in PS method. During the analysis, the intersection point of the two straight lines (i.e., the first arrivals, or wave velocity within the foundation, and the reflected energy from the bottom or any part of the foundation) are identified to predict the desired foundation depth or possibly internal defects.
The US method adapts conventional geophysical data analysis techniques (Jalinoos and Olson, 1996) . The processing sequences include DC-shift removal, bandpass filter (0-0.5-3-4 kHz), and Automatic Gain Control (AGC).
The Impulse Response (IR) method
The Impulse Response (IR) method is a fast and cost-effective technique that depends on the identification of stress-wave properties (i.e., wave velocity and reflection time, and resonant frequency). The compressional waves were induced at frequencies up to 2 kHz by using a sledgehammer with a built-in load rubber cell in the hammerhead to control the frequency of the emitted waves. In simple terms, the foundation top is struck to generate the compressional waves that travel along the length of the foundation and reflect from any discontinuity, which can be the bottom of the foundation, or areas that have different acoustic impedances. The vibrations of the foundation are measured with a velocity transducer (geophone) mounted to the foundation head (Figure3).
The transformation of data from time to frequency representation is performed using Fast Fourier Transform (FFT) algorithms. The final representation of the transfer function amplitude is given by a plot of the mobility vs. frequency (mobility is equal to velocity divided by hammer force). The transfer function shows the peaks of the foundation resonant frequency and its harmonics (Pandey and Anthony, 2005) . The length of the foundation can be estimated by knowing the resonant frequency corresponding to the compressional wave velocity and reflection times, and by using the following relationships: 
and ( )
where β is the velocity correction factor, which equals 0.9 for concrete piles (Pandey and Anthony, 2005) , F is the resonant frequency of the foundation (determined from the distance between two peaks in the transfer function plot), L t is the total foundation length, and V is the compressional wave velocity. A field test to determine the feasibility of the Parallel Seismic method for verifying foundation depth is presented. Figure 5 shows a seismogram of data obtained from a PS test on the 5-meter foundation depth. In Figure 5 , a 3C geophone has been deployed in the borehole with regular geophone spacing of 0.5 m from the surface to a depth of 8 m below the surface As described previously, the straight-line fitting approach is used to find out the depth of the foundation. The fitting method yields velocities for the foundation and soil of 2551 m/s and 1097 m/s, respectively, and the foundation depth of 5 m, which is the actual depth of the foundation. This result represents the ideal case, where a sufficient amount of data is acquired to distinguish the change in velocities between the foundation and underlying soil materials.
RESULTS
The Ultraseismic approach is used to analyse the wavefield received from the foundation bottom and embedded crack. Figure 6 represents a multi-channel recording of the downgoing and upgoing wavefields collected from an accessible side of the foundation, as shown in Figure 2 . The 3C accelerometer was used to acquire the data along the vertical profile, with an inter-phone spacing of 15 cm. Figure  6 displays the signals from the vertical component, where each trace represents a different measurement point on the foundation. The accelerometer was mounted to the foundation wall using grease material to provide an appropriate coupling between the accelerometer and the test surface. As can be seen, the upgoing reflections from the foundation bottom and embedded crack can be recognised from their time moveout with the velocities of 3447 m/s and 2668 m/s, respectively. Using straight-line fitting approach for the downgoing (direct arrivals) and upgoing (reflections from the foundation bottom and the crack) events allows the foundation and crack depths to be determined as 7.1 m and 4.6 m, respectively. Another test was conducted to assess the accuracy of the IR method for revealing the foundation depth. Figure 7 shows the IR data acquired at the top of the 7-m deep foundation. The procedure on how to compute the IR function in the frequency domain is outlined in Malhotra and Carino (2004) . The average resonant frequency differences between four sequential peaks can be determined from Figure 7 . Using equation (2), the depth of the foundation, L t is calculated to be 6.99 m. This result indicates that the IR method is highly accurate for determining the foundation depth, especially in cases where the top surface of the foundation is accessible. Improving the estimation of compressional wave velocity V will increase the accuracy of IR method. However, it is necessary to use other methods to help make a decision on the P-wave velocity used in equation (2). 
CONCLUSIONS
This research provided an overview of various nondestructive geophysical methods for determining the lengths of reinforced foundations, and perhaps also embedded defects. An experiment site was constructed to provide a technical environment in which to conduct a series of tests of geophysical methods. The Parallel Seismic method accurately predicted the length of the foundation. However, the primary limitation of the Parallel Seismic method is in the cost, where an expensive drilled hole is required. In the Ultraseismic method, an appropriate acoustic coupling between the accelerometer and test surface is required to establish an enhanced S/N ratio. Nevertheless, this method has a potential application for detecting embedded concrete fractures or voids. Furthermore, the acquisition flexibility along either the vertical or horizontal surfaces makes use of many processing and imaging techniques offered in the field of exploration geophysics. The accuracy of the Impulse Response method depends on the wave speed in the concrete material. The Pwave velocity in concrete plays an important role in determining the depth of the foundation. Therefore, it is necessary to use other methods to estimate the P-wave velocity.
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